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Fibrotic obliteration of the small airways leading to pro-
gressive airflow obstruction, termed bronchiolitis obliter-
ans syndrome (BOS), is the major cause of poor outcomes
after lung transplantation. We recently demonstrated that
a donor-derived population of multipotent mesenchymal
stem cells (MSCs) can be isolated from the bronchoalveo-
lar lavage (BAL) fluid of human lung transplant recipients.
Herein, we study the organ specificity of these cells and
investigate the role of local mesenchymal progenitors in
fibrogenesis after lung transplantation. We demonstrate
that human lung allograft–derived MSCs uniquely ex-
press embryonic lung mesenchyme–associated tran-
scription factors with a 35,000-fold higher expression of
forkhead/winged helix transcription factor forkhead
box (FOXF1) noted in lung compared with bone mar-
row MSCs. Fibrotic differentiation of MSCs isolated
from normal lung allografts was noted in the pres-
ence of profibrotic mediators associated with BOS,
including transforming growth factor-� and IL-13.
MSCs isolated from patients with BOS demonstrated
increased expression of �-SMA and collagen I when
compared with non-BOS controls, consistent with a
stable in vivo fibrotic phenotype. FOXF1 mRNA ex-
pression in the BAL cell pellet correlated with the
number of MSCs in the BAL fluid, and myofibro-
blasts present in the fibrotic lesions expressed FOXF1
by in situ hybridization. These data suggest a key role
for local tissue-specific, organ-resident, mesenchymal

precursors in the fibrogenic processes in human
adult lungs. (Am J Pathol 2011, 178:2461–2469; DOI:

10.1016/j.ajpath.2011.01.058)

Chronic allograft rejection develops in up to 60% of pa-
tients who undergo lung transplantation by 5 years and is
the leading cause of poor long-term outcomes after lung
transplantation.1 As with other solid organ transplants,
chronic allograft rejection in the lung manifests as a fi-
brotic response to repeated immune and nonimmune
insults, leading to narrowing and obliteration of the small
airways, a lesion termed bronchiolitis obliterans (BO).2

Subepithelial and/or intraluminal infiltration by myofibro-
blasts, differentiated mesenchymal cells with augmented
collagen secretory and contractile functions,3 is noted in
human biopsy specimens that demonstrate BO.4 BO pres-
ents clinically as an obstructive ventilatory defect termed
BO syndrome (BOS).5 BOS is the major cause of graft
failure and long-term mortality, with no effective treatment
options.6,7 Understanding the origin of effector myofibro-
blasts in fibrotic lesions of BO is critical for therapeutic
targeting of mechanisms of cell recruitment/differentiation.

One potential source of mesenchymal cells participating
in this disorganized repair response is the mesenchymal
progenitors residing in the graft. The embryonic lung mes-
enchyme is derived from splanchnic mesoderm during or-

Supported by grants (R01DK082481 to P.H.K.; RO1HL094311 to M.P.-G.;
RO1HL094622 to V.N.L.) from the NIH, The American Thoracic Society
Research Award, the American Society of Transportation/Wyeth Clinical
Science Faculty Development grant, the Scleroderma Research Founda-
tion Award, and the Brian and Mary Campbell and Elizabeth Campbell
Carr research gift fund (V.N.L.).

N.W. and L.B. contributed equally to this work.

Accepted for publication January 28, 2011.

None of the authors disclosed any relevant financial relationships.

Supplemental material for this article can be found at http://ajp.
amjpathol.org or at doi: 10.1016/j.ajpath.2011.01.058.

Address reprint request to Vibha N. Lama, M.D., Division of Pulmonary
and Critical Care Medicine, Department of Internal Medicine, University of
Michigan Health System, 1500 E Medical Center Dr, 3916 Taubman

Center, Ann Arbor, MI 48109-0360. E-mail:vlama@umich.edu.

2461

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://dx.doi.org/10.1016/j.ajpath.2011.01.058
mailto:vlama@umich.edu


2462 Walker et al
AJP June 2011, Vol. 178, No. 6
ganogenesis and is marked by expression of several
unique mesenchymal transcription factors.8,9 Of these fac-
tors, the best studied are the mesenchyme-specific fork-
head box (FOXF1) and homeobox (HOX) families.9 The
FOXF1 gene (also known as HFH-8 or Freac-1) is expressed
in the splanchnic mesoderm during organogenesis,10 and
its expression is essential for lung development.11,12 In ad-
dition, gene expression of HOXA5 and HOXB5 in the em-
bryonic mesenchyme of the developing lung is necessary
for normal branching morphogenesis,13,14 with genetic de-
letion of HOXA5 leading to respiratory tract defects.13 The
critical need for lung-specific mesenchyme to promote lung
morphogenesis and the importance of epithelial-mesenchy-
mal cross talk in the embryonic lung suggest that lung-
specific mesenchymal precursors may also participate in
repair and fibrogenesis during adult life.

Mesenchymal progenitor cells with clonal multilineage
differentiation potential, termed mesenchymal stem/stro-
mal cells (MSCs), can be isolated from human lung allo-
grafts.15 These cells are of predominantly donor origin in
studies of sex-mismatched lung allografts, suggesting they
are a lung-resident (LR) population of connective tissue
progenitors.15 However, whether these LR-MSCs represent
a tissue-specific cell, the potential remnant of embryonic
lung mesenchyme remains unknown. Furthermore, whether
these cells participate in fibrogenesis in a lung allograft
remains to be determined. Herein, we studied the expres-
sion of lung-specific mesenchymal transcription factors in
LR-MSCs isolated from the bronchoalveolar lavage (BAL)
fluid of human lung transplant recipients and investigated
their ability to undergo fibrotic differentiation.

Materials and Methods

Isolation of Lung-Derived MSCs and Other Cell Lines

The MSCs were derived from the BAL fluid of lung trans-
plant recipients by plastic adherence and subsequent
expansion of colony forming unit-fibroblast, as previously
described under a protocol approved by the University of
Michigan Institutional Review Board.15,16 Surface marker
expression for cells used in the present study was deter-
mined using flow cytometry. LR-MSCs were negative for
CD45 and positive for CD73, CD105, CD90, and CD44.
Furthermore, their multilineage differentiation potential was
confirmed by inducing differentiation into osteocytes and adi-
pocytes (see Supplemental Figure S1 at http://ajp.amjpathol.
org). Cells were maintained in culture in Dulbecco’s mod-
ified Eagle’s medium with penicillin-streptomycin and
10% fetal calf serum at 37°C in 5% CO2 and used at
passages 2 to 6. LR-MSCs obtained from individual BAL
samples were treated as separate cell lines. BOS was
defined by physiological testing, according to the Inter-
national Society of Heart and Lung Transplantation
guidelines.5 Bone marrow (BM)–derived MSCs were iso-
lated from normal human BM aspirates under an Institu-
tional Review Board–approved protocol at the University
of Michigan, Ann Arbor, as previously described.15 Alve-
olar epithelial cells (A549) and human pulmonary artery

endothelial cells were purchased from the American
Type Culture Collection (Manassas, VA) and Lonza
(Walkersville, MD), respectively. Primary airway epithelial
cells were isolated from healthy donors under an Institu-
tional Review Board–approved protocol and cultured in
bronchial epithelial cell growth medium (Lonza), as pre-
viously described.17,18

Affymetrix and Real-Time qPCR Analysis

Total RNA was prepared using an RNeasy minikit (Qiagen,
Inc., Valencia, CA), per manufacturer’s instructions. Real-
time qPCR analysis was performed on an ABI Prism 7000
SDS (Applied Biosystems, Foster City, CA) using TaqMan
PCR Master Mix (Applied Biosystems). The TaqMan real-
time PCR primers included Hs00230962_m1 for FOXF1,
Hs00430330_m1 for HOXA5, and Hs00357820_m1 for
HOXB5 (Applied Biosystems). Affymetrix array hybridiza-
tion and scanning were performed by the University of
Michigan Comprehensive Cancer Center Affymetrix and
cDNA Microarray Core Facility, using Human U133 plus
2.0 chips. The expression value for each gene was cal-
culated using a robust multiarray average and stored as
log2-transformed data.

Immunofluorescence Microscopy and Western
Blot Analysis

Immunofluorescence staining for �-smooth muscle actin
(�-SMA) and IL-13 receptor �1 was performed on LR-MSCs
plated at a density of 50,000 cells per 35-mm cell culture
dish using mouse monoclonal anti–�-SMA (clone 1A4;
Dako, Carpinteria, CA) and anti–IL-13 receptor �1 antibod-
ies (R&D, Minneapolis, MN). Western blot analysis for
�-SMA and collagen I was performed as previously de-
scribed,4,19 using monoclonal �-SMA (clone 1A4; Dako) at
1:1000 dilution and rabbit polyclonal antibody to collagen I
(Cedarlane Laboratories, Burlington, ON, Canada) at 1:500
dilution.

IHC Staining and in Situ Hybridization

Paraffin-embedded sections from biopsy specimens
demonstrating organizing pneumonia or BO were ob-
tained under an Institutional Review Board–approved
protocol. Immunohistochemical (IHC) staining with �-
SMA was performed according to standard clinical lab-
oratory procedures, as previously described.4 Human
clone (FOXF1 ORFeome Collaboration Clone; I.D.1000–
67187, accession No. EU832158) was purchased from
Open Biosystems (Huntsville, AL). Plasmid DNA was pu-
rified using a Maxi Prep kit (Qiagen, Inc.) and amplified
by PCR using human FOXF1 primers containing EcoR1
and HindIII cutting sites (forward and reverse, respec-
tively) from Integrated DNA Technologies (Coralville, IA)
(forward 5=-ATGGAATTCGCGTCGTCCGGCCCGT-3=;
reverse 5=-GGGCCAAGCTTTCCACGTTGCCCGG-3=).
Purified DNA was linearized and denatured to generate
single-stranded DNA. Single-stranded DNA was then la-
beled with digoxigenin, according to the manufacturer’s

protocol, using a digoxigenin RNA labeling kit (SP6/T7)
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from Roche Applied Science (Penzberg, Germany). In situ
hybridization was performed according to the manufacturer’s
protocol using a kit purchased from Biochain Institute Inc.
(Hayward, CA). Sections were digested with 20 �g/mL protei-
nase K (Invitrogen, Carlsbad, CA), and color was developed
using Fast Red TR/Napthol AS-MX (Sigma-Aldrich, St Louis,
MO). To demonstrate colocalization of �-SMA and FOXF1,
antigen retrieval was performed on paraffin-embedded sec-
tions, followed by FOXF1 (1:25 dilution; Sigma-Aldrich) and
�-SMA (1:1000; Dako) staining using a kit (ABC Elite), accord-
ing to manufacturer’s protocol (Vector Labs, Burlingame, CA).
A tyramide signal amplification system from Perkin Elmer (Co-
vina, CA) was used to develop the final stain.

In Vitro Epithelial Mesenchymal Transformation

Human lung epithelial cells (A549) were stimulated with
transforming growth factor (TGF)-� (5 ng/mL) and har-
vested at 0, 0.5, 1, 2, 4, 8, 16, 24, and 72 hours after
treatment, as previously described.20 Total RNA was pre-
pared from three biological replicates of each condition,
and RNA transcripts were assayed using a chip array
(Affymetrix HG-U133 Plus 2.0). Two-way analysis of vari-
ance models with effects for three experiments and nine
points were fit to the data for each probe set.

Statistics

Student’s t-tests were used to determine P values when com-
paring two groups. When comparing three or more groups,
analysis of variance was performed with a post hoc Bonferroni
test to determine which groups showed significant differences.

Results

Human Lung Allograft-Derived MSCs
Demonstrate Expression of Lung Embryonic
Mesenchymal Factors

To investigate if lung allograft-derived MSCs represent a

Table 1. Comparison of Selected Gene Expression between Lun

Gene title
Gene

symbol P value Fold*

Forkhead box
F1 FOXF1 0.001 5.4
F2 FOXF2 �0.001 3.3

Homeobox
A5 HOXA5 �0.001 4.0
B5 HOXB5 �0.001 3.3
B6 HOXB6 �0.001 3.2
A9 HOXA9 �0.001 -3.3
A10 HOXA10 �0.001 -3.4
C10 HOXC10 �0.001 -3.9
C6 HOXC6 0.001 -4.8
A9 HOXA9 �0.001 -6.0

LR, lung allograft–derived MSCs.
*Difference between lung- and BM-derived MSCs.
†Expression values are log2-transformed data.
tissue-specific resident mesenchymal cell population, we
studied the gene expression profile of mesenchymal tran-
scription factors in LR-MSCs and compared it with that of
BM-MSCs (Table 1). Affymetrix analysis demonstrated a
significantly higher expression of FOXF1 in LR-MSCs com-
pared with BM-MSCs. FOXF2, another gene from the fork-
head family that is seen along with FOXF1 in mesodermal
tissues of developing and adult lungs,21,22 was also up-
regulated in LR-MSCs compared with BM-MSCs (Table 1).
By using a P value threshold of 0.01 and a threefold expres-
sion change cutoff, seven HOX genes were differentially
expressed between LR-MSCs and BM-MSCs. Three HOX
genes (ie, HOXA5, HOXB5, and HOXB6) demonstrated in-
creased expression compared with BM-MSCs. On the other
hand, HOXA9, a gene whose expression has been critical in
hematopoiesis,23 was significantly down-regulated in LR-
MSCs compared with BM-MSCs.

Real-time PCR analysis confirmed increased expres-
sion of FOXF1, HOXA5, and HOXB5 in LR-MSCs com-
pared with BM-MSCs (Figure 1A). A 35,000-fold greater
expression of FOXF1 was seen in LR-MSCs than in BM-
MSCs (P � 0.0001). Furthermore, a 100-fold increased
expression of HOXA5 (P � 0.0001) and a 150-fold in-
creased expression of HOXB5 (P � 0.0001) were noted
in LR-MSCs compared with BM-MSCs. The FOXF1 mRNA
expression by real-time PCR, cell surface marker expres-
sion by flow cytometry, and osteogenic and adipogenic
differentiation potential of cells derived from five patients
are presented in Supplemental Figure S1 (available at
http://ajp.amjpathol.org). This unique expression of fetal lung
mesenchyme-associated transcription factors in multipotent
MSCs derived from human adult lung suggests that LR-MSCs
are derived from embryonic mesenchyme and represent a
locally resident tissue-specific progenitor cell.

LR-MSCs Isolated from Normal Human Lung
Allografts Demonstrate Myofibroblast
Differentiation in Response to Profibrotic
Mediators

The myofibroblast, the pivotal effector cell of fibrogenic

BM-Derived MSCs

Expression value†

LR 2 LR 3 BM 1 BM 2 BM 3

8.69 7.62 3.29 3.52 3.95
8.78 9.43 6.12 6.07 6.05

10.22 10.97 6.42 6.37 6.62
8.99 8.73 5.86 5.87 6.04
9.25 9.31 6.09 5.97 6.20
4.79 6.02 8.52 8.73 8.35
3.93 4.19 7.84 7.66 6.85
4.70 4.50 8.34 8.47 8.61
5.86 6.76 10.31 10.55 10.45
3.48 4.00 9.71 9.76 9.54
g- and

LR 1

10.48
9.87

10.19
9.97
9.22
4.79
3.96
4.56
4.25
3.55
processes, is a differentiated mesenchymal cell marked
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by expression of the contractile protein �-SMA and a
concomitant increased ability to secrete collagen.3 The
availability of MSCs isolated from the BAL fluid of human
lung allografts provided an opportunity to investigate
whether these resident mesenchymal components of the
allograft milieu can undergo profibrotic differentiation by
cytokines and mediators thought to be associated with
BOS. LR-MSCs isolated from the BAL fluid of normal lung
allografts were exposed to TGF-�, a profibrotic mediator
implicated in BOS pathogenesis.24,25 Of the LR-MSCs
exposed to TGF-�1 (2 ng/mL), 79.31% � 2.81% demon-
strated �-SMA expression by immunofluorescence com-
pared with 15.09% � 1.18% �-SMA–positive cells noted
at baseline (P � 0.0001, Figure 1B). The up-regulation of
�-SMA protein expression in LR-MSCs treated with
TGF-�1 compared with controls was also noted by West-
ern blot analysis (P � 0.0002, Figure 1C). Similarly, col-
lagen I protein expression demonstrated a significant
increase over baseline in LR-MSCs treated with TGF-�1
(P � 0.006, Figure 1C).

The profibrotic type 2 helper T cell cytokine IL-13 is
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Figure 1. A: Increased expression of embryonic lung mesenchyme-associ-
ated transcription factors in lung-derived MSCs. mRNA expression of FOXF1,
HOXA5, and HOXB5 in LR-MSCs isolated from BAL fluid of lung allografts
(n � 10 LR-MSC lines derived from individual patients) was compared with
that in BM-MSCs (n � 3) by real-time PCR. ***P � 0.0001. B and C: LR-MSCs
demonstrate myofibroblast differentiation potential in response to the profi-
brotic mediator TGF-�. LR-MSCs isolated from normal lung allografts, with-
out evidence of acute or chronic rejection, were treated with or without
TGF-�1 (2 ng/mL) for 24 hour. In B, immunofluorescence staining of LR-MSCs
demonstrated an increase in �-SMA–positive stress fibers in response to TGF-�1.
Right: A quantitative analysis of �-SMA–positive cells across 10 high-power fields
in three normal cell lines is shown. ***P � 0.0001. C: Effect of TGF-� on �-SMA
and collagen I protein expression, analyzed by Western blot analysis. Immuno-
blots shown are from a representative experiment, with graphical data repre-
senting the densitometric ratio of the protein of interest to loading control
proteins. Data represent the mean � SEM of experiments with LR-MSCs derived
from 10 lung transplant recipients. ***P � 0.0002 and **P � 0.006. GAPDH
indicates glyceraldehyde-3-phosphate dehydrogenase.
critical in the development of luminal obliteration in ani-
mal models of BO,4,26 and increased levels of IL-13 are
present in BAL fluid of human lung transplant recipients
with BOS.26 Previously, myofibroblasts in human BO le-
sions expressed IL-13 receptor �1, the receptor chain
necessary for signaling by IL-13.4 LR-MSCs demon-
strated significant expression of this receptor by both
flow cytometry and immunofluorescence microscopy
(Figure 2, A and B). Myofibroblast differentiation marked
by �-SMA–positive stress fiber organization was noted in
60.84% � 2.73% of cells in response to IL-13 by immu-
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Figure 2. A and B: LR-MSCs express IL-13 receptor �1 (IL-13R�1). A: Immu-
nophenotyping by flow cytometric analysis demonstrates positive IL-13R�1 ex-
pression on LR-MSCs isolated from human lung allografts. The histogram shows
IL-13R�1 staining in black and isotype control staining in gray (n � 5). B:
Immunofluorescent staining of LR-MSCs demonstrates IL-13R�1–positive stain-
ing (compared with control unstained). C and D: LR-MSCs demonstrate profi-
brotic differentiation in response to IL-13. LR-MSCs isolated from normal lung
allografts, without evidence of acute or chronic rejection, were treated with or
without IL-13 (10 ng/mL) for 24 hours. C: Expression of �-SMA in LR-MSCs with
or without IL-13 is shown using immunofluorescent staining. A quantitative
analysis of �-SMA–positive cells across 10 high-power fields in three normal cell
lines is shown (right). ***P � 0.0001. D: Effect of IL-13 on �-SMA and collagen
I protein expression, analyzed by Western blot analysis. Data represent the
mean � SEM of experiments with LR-MSCs derived from 10 lung transplant
recipients. *P � 0.05. E: LR-MSCs isolated from patients with BOS demonstrate
a profibrotic phenotype. �-SMA and collagen I protein expression in LR-MSCs
isolated from patients with and without BOS was compared by Western blot
analysis. Data represent the mean � SEM of experiments with LR-MSCs derived

from 10 lung transplant recipients in each group. ***P � 0.0001 and **P � 0.003.
GAPDH indicates glyceraldehyde-3-phosphate dehydrogenase.
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nofluorescence (P � 0.0001, Figure 2C). Immunoblot
analysis demonstrates increased expression of both
�-SMA and collagen I protein in LR-MSCs treated with
IL-13 compared with untreated controls (P � 0.016 and
P � 0.034, respectively; Figure 2D). Together, these data
demonstrate that profibrotic factors implicated in BOS
can drive LR-MSCs to differentiate into myofibroblasts
with a robust capacity to elaborate extracellular matrix
proteins important in scar formation.

LR-MSCs Derived from Patients with BOS
Demonstrate a Profibrotic Phenotype Marked
by Increased �-SMA Expression and Collagen
Secretion

The ability of LR-MSCs to undergo fibrotic differentiation in
response to profibrotic stimuli led us to investigate if BOS is
associated with an altered LR-MSC phenotype. Constitutive
�-SMA and collagen expression levels were compared in
untreated LR-MSCs obtained from allografts of patients with
and without physiological evidence of BOS. Significantly
increased �-SMA expression was seen in patients with clin-
ical evidence of BOS compared with time-matched BOS-
free control patients (P � 0.0001, Figure 2E). Examination of
�-SMA expression over serial passages demonstrated sta-
ble �-SMA expression in control and BOS LR-MSCs (data
not shown). LR-MSCs isolated from patients with BOS also
demonstrated increased baseline collagen I expression
(P � 0.003, Figure 2E). Increased collagen synthetic func-
tion and �-SMA expression in LR-MSCs isolated from the
BAL fluid of transplant recipients with BOS suggest that
LR-MSCs might have a pathogenic role in the fibroprolifera-
tive response culminating in BOS. To determine whether
MSCs isolated from patients with BOS are also lung rather
than BM in origin, FOXF1 mRNA expression was assessed
in cells isolated from patients with and without BOS. No
difference was noted in the expression of FOXF1 in cells
from patients with and without BOS (P � 0.31).

FOXF1 Expression in BAL Fluid Correlates with
Number of LR-MSCs

FOXF1 expression in LR-MSCs was compared with that in
other lung resident cells, such as endothelial and epithe-
lial cells (Figure 3A). Greater than 20,000-fold higher
expression of FOXF1 was noted in LR-MSCs compared
with human alveolar epithelial cells (A549) and primary
bronchial epithelial cells, consistent with the fact that
FOXF1 is specifically expressed only in the mesenchyme.
Human pulmonary artery endothelial cells demonstrated
40-fold higher FOXF1 expression than epithelial cells,
consistent with their embryonic mesenchyme derivation.
However, the expression of FOXF1 in LR-MSCs was 500-
fold higher than that in endothelial cells.

This uniquely high expression level of FOXF1 mRNA in
LR-MSCs led us to investigate the quantitative expression
of FOXF1 transcript in the BAL fluid cell pellet as a marker
of LR-MSC numbers. BAL fluid from 50 lung transplant
recipients was studied for both expression of FOXF1

mRNA and number of LR-MSCs. MSCs were quantitated
by the number of colony-forming units isolated from 2 �
106 plated BAL cells. A significant correlation was noted
between the number of LR-MSCs in the BAL fluid and
FOXF1 mRNA [Pearson r � 0.92; 95% confidence interval
(CI), 0.86 to 0.95; P � 0.001; Figure 3B].

FOXF1 Is Expressed in Myofibroblasts in Human
Lung Transplant Biopsy Specimens

The markedly greater expression of FOXF1 in LR-MSCs
than BM-MSCs also provided us with a tool to investigate
if myofibroblasts seen in the fibrotic lesions of lung allo-
grafts were derived from locally resident lung-specific
mesenchymal progenitor cells. An examination of the nor-
mal lung alveolar spaces demonstrated sparse FOXF1
expression, with cells demonstrating FOXF1 mRNA noted
predominantly in the triangular corners of the alveoli or
the alveolar septa (Figure 3C). The expression of FOXF1
mRNA and �-SMA protein was examined in biopsy spec-
imens demonstrating evidence of either BO or organizing
pneumonia (n � 5). Myofibroblasts, identified by their
spindle shape and intensely positive �-SMA expression,
were present in the fibrotic lesions. Robust expression of
FOXF1 mRNA was noted in these lesions by in situ hy-
bridization (Figure 3D). To investigate the coexpression
of FOXF1 and �-SMA, dual-immunofluorescence staining
was used. Colocalization of �-SMA and FOXF1 was noted
in the spindle-shaped cells present in the fibrotic lesions,
demonstrating that myofibroblasts in human lung allo-
grafts express FOXF1 (Figure 3E).

Because mesenchymal cells can also be potentially
derived from local epithelium by epithelial-mesenchymal
transformation (EMT), we sought to determine whether
this phenomenon, when recapitulated in vitro, is accom-
panied by expression of FOXF1. The mRNA from A549
epithelial cells treated with TGF-� to induce EMT20,27,28

was analyzed by Affymetrix analysis. Although EMT was
associated with a loss of expression of the epithelial gene
E-cadherin and an increase in expression of the mesen-
chymal genes N-cadherin, fibronectin-1, and vimentin, no
induction of FOXF1 mRNA was noted (Table 2). The ef-
fect of TGF-�1 on FOXF1 expression in BM-MSCs, pri-
mary human bronchial cells, and human pulmonary ar-
tery endothelial cells was examined; no significant
change was noted in FOXF1 mRNA expression by real-
time PCR in the presence of this fibrogenic stimuli (P �
0.45, P � 0.26, and P � 0.85, respectively).

Discussion

Mesenchymal cell infiltration of the small airways, leading
to fibrotic obliteration, is the primary feature of chronic
lung allograft rejection or BO. Key profibrotic mediators,
such as TGF-� and IL-13, have been linked to the patho-
genesis of BO in both human samples and animal mod-
eling.4,24–26 However, the origin of the myofibroblasts
critical for driving fibrogenesis in these injured lung allo-
grafts is less well understood. In this study, we demon-
strate that an MSC population derived from the lung al-

lograft itself is unique in its high-level expression of lung
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embryonic mesenchymal-associated transcription fac-
tors. Markedly greater expression of transcription factors
FOXF1 and specific HOX genes in LR-MSCs than BM-
MSCs establishes the tissue specificity of solid organ–
derived MSCs in humans. The ability of these tissue-
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Gene symbol Name 0.5 1

FOXF1 Forkhead box F1 0.92 0.74
CDH1 E-cadherin 1.00 1.03
CDH2 N-cadherin 1.16 1.13
FN1 Fibronectin 1 1.03 1.02
VIM Vimentin 1.89 2.18

The amount of TGF-� was 5 ng/mL.

*Data are given in hours.
†P � 0.01 versus 0 hours.
specific mesenchymal progenitor cells to contribute to
fibrogenesis was demonstrated by their capacity for in
vitro myofibroblast differentiation in response to profi-
brotic mediators and their altered in vivo phenotype
(marked by increased �-SMA expression and collagen
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Figure 3. A: FOXF1 expression in other endog-
enous lung cellular populations. FOXF1 mRNA ex-
pression in human lung allograft-derived MSCs
(LR-MSCs), human alveolar epithelial (Epith.) cells
(A549), human lung primary airway epithelial
cells, and human pulmonary artery endothelial
cells by real-time qPCR is shown. B: FOXF1 mRNA
expression in BAL fluid correlates with the number
of LR-MSCs in human lung transplant recipients.
FOXF1 expression in 1 � 106 nucleated BAL fluid
cells was studied by real-time PCR. The numbers
of LR-MSCs in those BAL samples were quantitated
by measuring colony forming unit-fibroblast. A sig-
nificant correlation was noted between number of
LR-MSCs and FOXF1 mRNA in the BAL fluid (Pear-
son r � 0.92; 95% CI, 0. 86 to 0.95; P � 0.001).
n � 50 BAL fluid samples. C: FOXF1 expression in
normal adult lungs. The expression of FOXF1 in
normal human lung was assessed by in situ hy-
bridization using a digoxigenin-labeled RNA
probe, followed by hematoxylin counterstaining.
The enlarged box indicates the lesion marked by
the box within the figure. The black arrows show
cells positive for FOXF1. Original magnification:
�100 (top); �600 (bottom). D: FOXF1 expression
in fibrotic lesions in human lung allografts. Repre-
sentative sections of a transbronchial lung biopsy
specimen demonstrated organizing pneumonia in
a lung transplant recipient, stained for �-SMA (by
IHC staining) and FOXF1 (by in situ hybridiza-
tion). Left: A discrete area of organizing pneumo-
nia with intense �-SMA staining (brown) signifying
infiltration by myofibroblasts. Center: FOXF1
mRNA expression was detected by in situ hybrid-
ization in the fibrotic area. Discrete spindle-shaped
cells demonstrating red staining, consistent with
FOXF1 expression, are noted in the area of orga-
nizing pneumonia. Right: In situ hybridization us-
ing digoxigenin-labeled control mRNA. Control for
�-SMA staining is shown in Supplemental Figure
S2 (available at http://ajp.amjpathol.org). Original
magnification, �400. E: Coexpression of
FOXF1 and �-SMA in fibrotic lesions. A section
from a human lung allograft biopsy specimen
demonstrating fibrotic lesions was examined
for the expression of FOXF1 and �-SMA using
double-immunofluorescence microscopy. Rhoda-
mine and fluorescein tyramide signal amplifi-
cations were used to detect the signal for
FOXF1 and �-SMA, respectively. Colocaliza-
tion of FOXF1 and �-SMA in spindle-shaped
cells demonstrated FOXF1 expression in myo-
fibroblasts. Original magnification, �600 (oil).
Scale bar � 20 �m.

ergoing EMT in Response to TGF-�

Fold change from 0 hours*

2 4 8 16 24 72

.78 1.03 1.05 1.28 0.81 1.02

.99 0.96 0.66 0.23 0.14 0.10†

.19 1.41 2.26 3.98 4.56 6.76†

.92 1.15 1.31 1.91 2.91 5.14†

.62 2.57 2.90 2.89 3.19 4.24†
lls Und

0
0
1
0
2

http://ajp.amjpathol.org


Resident Mesenchymal Cells and Fibrosis 2467
AJP June 2011, Vol. 178, No. 6
secretion) in patients with BOS. Finally, FOXF1 expres-
sion in myofibroblasts in lung biopsy specimens provides
evidence for the local origin of these effector cells of
fibrosis in lung transplants. These data, demonstrating
the fibrotic differentiation potential of tissue-specific or-
gan-resident MSCs and the local mesenchymal origin of
myofibroblasts in fibrotic lung allograft lesions, suggest a
key role for local mesenchymal precursor cells in the
fibrotic remodeling of a lung allograft.

By demonstrating the donor origin of multipotent mes-
enchymal cells derived from human lung allografts, the
tissue residence of connective tissue progenitor cells in
solid organs was demonstrated.15 The data shown herein
extend this observation by demonstrating that MSCs iso-
lated from the lung allografts are resident and tissue-
specific progenitor cells, likely remnants of embryonic
lung mesenchyme. LR-MSCs demonstrated high-level
expression of mesenchymal transcription factors associ-
ated with developing lung mesenchyme. When com-
pared with BM-MSCs, LR-MSCs expressed 35,000-fold
more FOXF1, a mesenchymal transcription factor whose
expression in splanchnic mesoderm is essential for lung
development during embryogenesis.8,12 Similarly, the ex-
pression of HOX genes in LR-MSCs mirrors that noted
during lung development, with markedly greater expres-
sion of HOXA5 and HOXB5 in LR-MSCs than BM-MSCs.
Recent evidence29 indicates that mesenchymal cells in
various adult tissues maintain key features of gene ex-
pression patterns established during embryogenesis.
Similar expression of FOXF1 in MSCs from patients with
and without BOS suggests that this same locally derived
population is found in both states of quiescence/orga-
nized repair and fibrosis.

We demonstrate that lung allograft–derived MSCs can
differentiate into a fibrogenic phenotype by exposure to
components of the profibrotic milieu known to be present
in BOS. The effect of two important mediators, TGF-� and
IL-13, on LR-MSC fibrotic differentiation was examined.
Both TGF-� and IL-13 have been strongly linked to the
pathogenesis of BO in animal models of tracheal trans-
plantation and have been increased in BAL fluid from
patients with BOS.4,24–26 LR-MSCs demonstrated myofi-
broblast differentiation, marked by both an increased
collagen I synthetic ability and �-SMA expression, in re-
sponse to TGF-� and IL-13. More significantly, mesen-
chymal cells from the BAL fluid of patients with BOS
demonstrated a stable increase in �-SMA and collagen
expression, suggesting that the cellular phenotype is
skewed toward that of a differentiated myofibroblast dur-
ing the development of disease. High FOXF1 expression,
noted in the cells obtained from patients with BOS, sug-
gests their graft/donor derivation. This is also supported
by a previous study15 of cytogenetic analyses in sex-
mismatched lung transplant recipients, in which 98% of
the cells from patients with BOS were donor in origin.
Recent work30 demonstrates that an increase in LR-
MSCs in BAL fluid precedes the development of BOS,
further reiterating a potential role of these local-mesen-
chymal cells in BOS pathogenesis. Whether expression

of myofibroblast markers in BAL-derived MSCs can be
used as a biomarker of disease onset or severity remains
to be investigated.

The ability of LR-MSCs to undergo fibrotic differentia-
tion in response to soluble mediators present in an allo-
graft microenvironment during BOS development and the
stable fibrotic phenotypic alterations in LR-MSCs in pa-
tients with BOS indicate a possible pathogenic role for
endogenous MSCs as effector cells in the pathogenesis
of BOS. Although this notion of MSCs as a driver of
fibrosis appears contradictory to recent literature31–33 as-
cribing an immunoregulatory/antifibrotic role to this cell,
this latter work primarily used models of acute injury. In
chronic injury models, a condition more relevant to BOS,
exogenous MSCs have contributed to fibrosis.34,35

MSCs, including LR-MSCs, demonstrate an in vitro potential
to inhibit T-cell function via secretion of soluble mediators,
such as prostaglandin E2.16,36 However, MSCs potentiate
fibrotic differentiation of other mesenchymal cells by secret-
ing profibrotic mediators, such as TGF-�1.37 Thus, although
MSCs can likely modulate an inflammatory microenviron-
ment, they can also promote fibrogenesis by secreting
profibrotic mediators37 or differentiating to myofibro-
blasts. Regulation of native LR-MSC synthetic function
and fibrotic differentiation fate by the local milieu might
play a central role in dictating whether these cells serve a
predominant immunoregulatory function or promote fi-
broproliferative events that favor the development of BO.

Myofibroblasts in solid organs can be potentially de-
rived from diverse cellular pools.3 BM, home to mesen-
chymal precursors such as CD45�Col I� fibrocytes38

and CD45-Col I� MSCs,39 is a potential distant reservoir
of mesenchymal precursor cells. Organ resident sources
include a local pool of mesenchymal progenitor cells or a
somatic cell capable of transdifferentiation, such as seen
in EMT.40 Biological/signaling mechanisms involved in
recruitment/differentiation depend on the compartment
from which the participating precursor cells are derived;
therefore, it is crucial to distinguish the relative contribu-
tion of each compartment in specific diseases. However,
the lack of unique markers of mesenchymal progenitor
cells from various sources makes the human investiga-
tion of this question difficult. Our study identified FOXF1
as a transcription factor uniquely expressed in lung-de-
rived compared with BM-derived MSCs. FOXF1 expres-
sion in �-SMA–expressing cells in fibrotic lesions pro-
vides a human demonstration of the local origin of
myofibroblasts. Thus, these data demonstrating a lung,
rather than a BM, origin of myofibroblasts support the
studies of BM chimeric animals, in which, despite evi-
dence of recruitment of BM-derived fibroblasts to remod-
eling lung, myofibroblasts present in the fibrotic lesions
were not derived from BM progenitors.41,42 Our human
studies also complement the recent elegant animal stud-
ies43 of gene-labeled mice demonstrating local tissue
resident mesenchymal, rather than epithelial, cells as
precursors of collagen-secreting myofibroblasts in the
kidney. Interestingly, the fibrotic cells in these kidney
injury models arose from resident cells expressing
FoxD1, the forkhead transcription factor seen in embry-
onic mesenchyme fated to become stromal cells of the

kidney.43
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In summary, this study establishes the tissue specific-
ity and local origin of MSCs isolated from human lungs.
The ability of these easily obtainable graft-resident mes-
enchymal precursor cells to undergo fibrotic differentia-
tion and their altered profibrotic phenotype in BOS sug-
gest a role for these cells in the pathogenesis of this
disorder and offer an opportunity to use them as a sen-
tinel cell biomarker of fibroproliferation. Furthermore, the
unique expression of FOXF1 in human lung allograft-
derived MSCs, the observed failure of up-regulation of
FOXF1 in in vitro EMT studies, and FOXF1 expression in
myofibroblasts in human tissues in situ provide the first
human evidence that local mesenchymal progenitors,
likely remnants of the embryonic tissue mesenchyme, are
the predominant source of myofibroblasts in lung fibro-
genesis after transplantation. These data stress the need
to further decipher the niche and biological features of
resident mesenchymal progenitor cells in solid organs.
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